We consider a noncommutative standard model with a minimal coupling scalar field and a dynamical deformation between the canonical momenta of its scale factor and scalar field, and a chameleon model with a non-minimally coupling scalar field. We indicate that there is a correspondence between these two models, more specific, actually between the noncommutative parameter and the chameleon coupling strength, and also between the matter density of the chameleon model and the noncommutative geometry. In addition, the analogy constrains the type of the matter field in the chameleon model to be nearly a cosmic string-like during the inflation. Thus, the scenario enables the evolution of the universe being described by one single scalar field. That is, the effects of the chameleon and the inflaton can be described by one single scalar field which plays the role of inflaton in the very early universe and then, acts as a chameleon field. Moreover, the proposed correspondence procedure not only sets some constraints on the noncommutative parameter and the chameleon coupling constant, but also nearly specifies functions of the scalar field and its potential.
Introduction
Alternative theories of gravitation have almost a long history and different motivations, 1 among which the scalar-tensor theories of gravitation, that extend general relativity by introducing a new degree of freedom, become one of the most popular alternatives to the Einstein gravitational theory, see, e.g., Refs. [4] - [7] . However, it is obvious that any proposed theory in this issue will be valid if it satisfies both the current astronomical observations and the laboratory experiments. In this regard, although the scalar-tensor theories are claimed to be successful in explaining the present accelerated expansion of the universe (that has been declared via analyzing the various observed cosmological data [8] - [20] ), yet there are some problems in these theories in describing the results of the solar system tests of gravity. This shortcoming is mostly caused due to coupling between the scalar and the matter fields. Actually, due to such a coupling, the detection of a fifth force and also violation of the equivalence principle (EP) are expected [21, 22] that are in contrast with the results of the solar system tests of gravity [23] - [25] . In this respect, the chameleon model [26] - [40] (originally proposed by Weltman and Khoury in 2004 [26, 27] ) is a scalar-tensor theory that, due to interaction of the chameleon field with an ambient matter field, invokes a screening mechanism [41] - [43] which uses nonlinear effects to suppress deviations from general relativity in the solar system while allowing them to be relevant on larger, i.e. cosmological, scales. Hence, it remains consistent with the tests of gravity both on the terrestrial and the solar system scales with no need to tune free parameters (masses and couplings) to evade solar system tests. In fact, the scalar field in the chameleon cosmology, similar to in some other contexts, see, e.g., Refs. [78] - [91] . In addition, some efforts have been devoted to explain the standard model of particle physics in the framework of noncommutative spectral geometry and the cosmological consequences of such an approach [92, 93] .
In this work, we study the effects of noncommutativity in the standard scalar-tensor model in which gravity is minimally coupled with a dynamical scalar field, and then, compare it with the chameleon mechanism while investigating an analogy between these two models. Actually, as a complementary to our previous work [52] , such an analogy may provide a scenario to overcome the issue of the chameleon model during the inflationary epoch.
The work is organized as follows. In the next section, we briefly derive the cosmological equations of the standard scalar-tensor model in the presence of a specified noncommutativity parameter. In Sect. III, we revisit the chameleon model and concisely derive the equations governing its evolution. However, we furnish these two sections with almost different expression and in a way to provide our requirements for the proposal of the work. The main purpose of this study is to compare these two models, where this goal is performed in Sect. IV. Finally, we conclude the summary of the results in the last section. Throughout the work, we take the signature of spacetime to be (−, +, +, +), c = 1 = and the reduced Planck mass M Pl ≡ (8πG) −1/2 .
Noncommutative Standard Scalar-Tensor Model
In this section, we outline the standard scalar-tensor model with a minimal coupling between gravity and the scalar field in the context of noncommutativity described by the action
where R is the Ricci scalar constructed from the metric g µν , g is the determinant of the metric and the lowercase Greek indices run from zero to three. Also, φ is a scalar field and V [NC] (φ) is a potential for this model.
In addition, we consider a homogeneous scalar field, that is φ = φ(t), and also assume that the background spacetime is spatially flat, homogeneous and isotropic given by the Friedmann-Lemaître-Robertson-Walker (FLRW) metric
where N (t) is a lapse function, a(t) is the scale factor describing the cosmological expansion, and t is the cosmic time. It is straightforward to show that the Hamiltonian of the model is
where P a and P φ are the conjugate momenta associated to the scale factor and the scalar field, respectively. However, as the conjugate momentum of N (t) vanishes, one has to add it as a constraint to the Hamiltonian and hence, the corresponding Dirac Hamiltonian is
where λ is a Lagrange multiplier. First, let us derive the equations of motion corresponding to the commutative phase space coordinates, i.e. {a, φ, N ; P a , P φ , P N }, in which the ordinary phase space structure is described by the usual Poisson brackets {a, P a } = 1 = {φ, P φ } and
while the other brackets vanish. Applying these brackets and using Hamiltonian (4), the equations of motion are obtained aṡ
where dot and prime denote the derivative with respect to the cosmic time and the scalar field, respectively. Furthermore, to satisfy the constraint P N = 0 at all times, the secondary constraintṖ N = 0 should also be satisfied. Then, in order to investigate the proposed effect of the noncommutativity, inspired by the motivations mentioned in Ref. [89, 94] , we leave all the Poisson brackets for the noncommutative variables (shown with the tilde sign) unchanged, except the following plausible dynamical deformation between the canonical conjugate momenta of the scale factor and of the scalar field. That is, we deliberately choose
where is a constant length indicator parameter that can present and trace the quantum behaviors (see, e.g., Ref. [89] ), and if it vanishes, the standard (classical) counterpart relations will be recovered. Of course this choice, that satisfies the dimensionality requirements, 1 is restrictive, but we limit ourselves to it for reasons of simplicity which easily leads to the desired results (see Sect. IV).
In this case, the minimally deformed (noncommutative) version of the Dirac Hamiltonian is achieved by replacing the untilde variables with the tilde ones in relations (3) and (4), namelỹ
where we have kept the noncommutative Hamiltonian with the same functional form as in (3). However, from now on, for simplicity and less confusion, we drop the tilde sign for the noncommutative variables, and also work in the comoving gauge, namely, we set N (t) = 1. At this stage, by applying the new bracket (12) , the equations of motion associated to the new variables a, φ, N and P N are left unchanged while the equations of motion for the new momenta sectors are deformed aṡ
As mentioned, the usual brackets are restored by setting = 0. With the aid of Eqs. (6), (8), (11) and also (14) and (15), after performing some manipulations, the noncommutative equations of motion are achieved as 3M
1 It is easy to show that the dimensions of Pa, P φ , φ, and consequently {Pa,
P , respectively, where L P = G/c 3 is the Planck length, however we have used the units in which c = 1 = .
where H(t) ≡ȧ/a is the Hubble expansion rate of the universe and we have defined a deformed pressure density as
and the Q term as
Moreover, the time derivation of the Hubble parameter is
As it is obvious, by taking the noncommutativity effect into account, the Klein-Gordon equation and the total pressure density have been obtained different from the corresponding usual commutative ones. However, if one sets = 0, then each equation will have the same form as its corresponding commutative one that usually is applied for the inflationary scenario. It is worth noting that the noncommutative theory has led to an additional force, however this assertion cannot be expressed only from the background equations alone and a perturbative analysis might be necessary. Nevertheless, in a similar manner of methodology employed in Ref. [90] and since a conservative force is obtained from the derivative of a potential, the right hand side of Eq. (18) can be interpreted as an additional force. Besides, the term 3Hφ in the left hand side of Eq. (18) is a dissipative force. Also, definitions p and Q (relations (19) and (20)
On the other hand, as the conservation equation of the model iṡ
with the aid of relation (22), it leads tȯ
That is, while the effects of noncommutativity manifest itself in the pressure term p , the results dictate that, even though the total energy density is conserved, but the corresponding one for the scalar field and the one for the noncommutativity part (i.e., Eqs. (24) and (22), respectively) are not separately conserved. Indeed, their conservation equations are not independent and the Q term stands as an interacting term among them. Such a similar interacting term has been employed in the literature, see, e.g., Refs. [95, 96] .
Chameleon Model
In this section, we give a brief review of the chameleon scalar field model, and derive the equations governing the cosmological evolution of the universe. In this regard, we start with the well-known action that governs the dynamics of the chameleon scalar field model in 4-dimensions, i.e.
where
m 's are the Lagrangians of the matter fields and ψ (i) 's are various matter scalar fields. Also,g
µν 's are the matter field metrics that are conformally related to the Einstein frame metric g µν viã
1 In the next section, we discuss on equality and/or differentness of those parameters that appear in this section and the previous one.
where β i 's are dimensionless constants representing different non-minimal coupling constants between the scalar field and each one of the matter species as the strength of the matter couplings. However, for simplicity, we just focus on a single matter component, and henceforth, we drop the index i. Besides, the potential shown in action (25) is an arbitrary function, whereas the chameleon effect is a mechanism to hide the fifth force mediated by the scalar field, for which certain conditions on potential are needed. Nevertheless in the following analysis, in order to match the two models, we end up on some necessary conditions on the potential that are mostly compatible with the chameleon model.
Moreover, we consider the FLRW metric (2) in the comoving gauge and a homogeneous scalar field. In this case, the corresponding metric in the Jordan frame is
whereã(t) is the scale factor in this frame, i.e.ã(t) ≡ a(t) exp(βφ/M Pl ). Varying action (25) with respect to the scalar field yields the field equation of motion
µν is the energy-momentum tensor that is conserved in the Jordan frame, i.e.∇ µT µν = 0. We also assume the matter field as a perfect fluid with the equation of statep = wρ, where, in the FLRW background, one hasg
withρ as the matter density in the Jordan frame. Sinceρ is not conserved in the Einstein frame, we propose to have a conserved matter density that is independent of φ and obeys the relation (30) in the Einstein frame, i.e. with the fluid equationρ + 3H(1 + w)ρ = 0. In relation (30) , ρ 0 is a constant for the matter density that acts as a cosmological constant with w = −1. For this purpose, as the continuity equation forρ in the Jordan frame iṡ
i.e. ã 3(1+w)ρ ,0 = 0, hence in order to have relation (30) , one gets
Therefore, by relations (29) and (32), Eq. (28) reads
This implies that the dynamic of the scalar field is not ruled only by the self-interacting potential
, but it is actually governed by an effective potential defined as
which depends on the background matter density ρ of the environment. Consequently, the value of φ at the minimum of V eff and the mass fluctuation about the minimum depend on the matter density which can give a chance to the chameleon field to be hidden from local experiments. Now, by the FLRW metric (2), the field equation (33) reads
In addition, the variation of action (25) with respect to the metric tensor g µν associated to the Einstein frame gives the field equations
where T
[β]
µν and T
[φ]
µν are the energy-momentum tensors of the coupling term and the scalar field, respectively, defined as
One can easily verify that T
then by the conservation ofT µν in the Jordan frame, we obtain
That is,
is not conserved in the Einstein frame and the geodesic equation is affected by the X term that can be interpreted as an additional force. Also, the Friedmann-like equations for the model in the context of the perfect fluid can be obtained as
and
where we have defined a coupled mass density and a coupled pressure density
that has the same equation of state as the matter field. Also, the time derivative of the Hubble parameter in this case is − 2M 2 PlḢ =φ 2 + (1 + w) ρe
Therefore, by taking the non-minimal coupling effect into account, the Klein-Gordon equation, the total mass and the total pressure densities have been achieved different from the corresponding ones without coupling. However, if one sets β = 0, then each equation will have the same form as its corresponding standard one. Moreover, definitions (36) and (44), with the fluid equation for the matter density ρ, givė
that is consistent with Eq. (41). On the other hand, as the conservation equation of this model is also the same as Eq. (23), Eq. (46) leads tȯ
That is, the effects of non-minimal coupling manifest itself in both the energy and the pressure densities (i.e., ρ β and p β ). Furthermore, the results show that the total energy density is conserved however, it is not conserved separately for the scalar field and its coupling to the matter field. In another word, their conservation equations are not independent and the X term, that stands as an interacting term among them, manifests itself as a deviation term into the geodesic equation and are interpreted as an additional force.
Analogy of the Models
In this section, as we are interested in having one scalar field which plays the role of both inflaton and chameleon, hence, we have considered the scalar field to be the same in the noncommutative standard and the chameleon models. On the other hand, since the Hubble constant is an observational quantity, we have preferred to choose the Hubble parameter also to be the same in both models. 1 Nevertheless, in this case, it is not necessary that the corresponding scale factors being exactly the same, however those are proportional to each other, namely
where A is a constant, and a [CH] and a [NC] are the scale factors in the chameleon model and in the noncommutative standard one, respectively, while we have shown those without any distinguished label in the previous sections. Moreover, it is not also necessary that potentials being the same in the both models, as we have considered them to be different from the beginning. Now, we compare the behavior of the other parameters for any probable correspondence between the models during the inflation where the Hubble parameter is nearly constant.
1 In this respect, a direct match of the corresponding Friedmann Eqs. (16) and (42) leads to
for any w and β. To proceed further, we have presumed the following considerations. It is obvious that, in the onset of the inflation when the matter density of the universe is extremely high, the effect of coupling term being inefficient in the effective potential of the chameleon model, and it cannot inflate unless the matter density approaches a constant value with w = −1 (i.e., a cosmological constant). Besides, when in addition β = 0, the chameleon model reduces to the standard inflationary model, and in this case, the right hand side of Eq. (49), by relation (30), is ρ 0 . On the other hand, as it is unlikely that the constant values β and w being appeared in the functionality of the potentials, thus we likely assume
to be valid for any w and β values. Hence, in turn, one has
In this situation, by matching the Klein-Gordon equations of motion (18) and (35), we plausibly obtain
and Ha
Relation (52) implies that the noncommutative parameter in the standard model is related to β as the coupling strength of the scalar field to the matter field in the chameleon model. Inserting this relation into relation (53) also leads to
that indicates the matter density of the environment in the chameleon model also relates to influence of geometry in the noncommutative standard model. Besides, from relation (49), one has
that in turn, by relation (30), gives
The comparison looks enough if one also matches Eqs. (17) and (43) (or equivalently, Eqs. (21) and (45)) that, by relations (52) and (54), lead tȯ
This result can also be obtained by differentiating relation (55) with respect to time while using relation (30) . Besides, relations (52) and (54) obviously show that definitions Q and X terms are exactly equal as expected, that is, the exchange of energy between geometry and the scalar field in the noncommutative model are the same as the exchange of energy between the matter and the scalar field in the chameleon model. Also, as Eq. (46) Furthermore, assuming the Hubble parameter to be a constant during the inflation, relations (30), (48) and (54) actually yield
That is, for a nearly constant H, the type of matter field is constrained to be nearly a cosmic stringlike during the inflation. Also, these relations give
, where the positive sign is acceptable for the inflationary expansion. In this case, integrating result (57) roughly gives
where φ 0 is an initial constant that, by relations (30) and (55) 
Solution (59) implies that the scalar field is roughly an increasing function of time during the inflation. On the other hand, using Eq. (42) with relations (52) and (55) , and result (57), we get the chameleon potential to be
which is nearly constant during the inflation. Now, if one chooses the potential of the chameleon model to be as a decreasing function of φ, where reduces nearly to a constant value while the scalar field increases by time, then our proposed matching procedure can be carried out. Such a choice is consistent with the common typical chameleon potential that is usually used in the literature, namely
n with n as a positive integer describing the shape of the chameleon potential (M is also a constant with the dimension of mass as an energy scale that is often compared to cosmological-constant scale (2.4 meV) if the chameleon is to be relevant for the present-day cosmic acceleration [50] ).
On the other way, as the Hubble parameter is nearly constant during the inflation, i.e.,Ḣ ≡ − H 2 (where is the slow-roll parameter), hence, by inserting H from Eq. (16) andḢ from Eq. (21) into this definition while using result (57) and relations (54) and (55), one gets the potential in this epoch to be
with constraint
Hence, from equality of V [NC] from solutions (60) and (61), one can obtain the value of in terms of the other parameters as
Moreover, by differentiating potential (60) while using result (57), we obtain
that can also be achieved by inserting relation (52) and result (57) into Eq. (35) while using relations (55) and (63) . Hence, the price of our proposal for matching the models is that the derivative of the chameleon effective potential is a nearly negative constant value in the inflationary epoch (for w > −1), however, it can be made to be almost zero as being required in the chameleon models. Obviously, Eq. (45) indicates that, onset of the inflation where 1 (that is,Ḣ ∼ 0), the equation of state parameter should be w ∼ −1, and thus, the scalar field acts as a constant in this case. Hence, the cosmological constant starts the extremely expansion of the universe. Then, while the expansion is occurring, the matter field being diluted and acts as a cosmic string-like. In this situation, V
[NC] from solution (60) with constraint (62) leads to a lower bound on the noncommutative parameter, namely > 2/3/M Pl , where we have considered as a positive number. However, V
[NC] from solutions (60) and (61) together, with constraint (62), gives a more restricted lower bound on , namely
This constraint, via relation (52) with w = −1/3, also leads to a lower bound on the chameleon coupling constant as
that, even considering to have an infinitesimal value in the inflationary epoch (say, e.g., of the order 10 −5 ), it still yields an acceptable estimate for β consistent with the recent experimental constraint obtained by Ref. [97] , namely β < 3.7 × 10 2 . In turn, the recent experimental constraint on β also sets an upper bound on the value of noncommutative parameter as < 7.2 × 10 2 by relation (52) in an unit where M Pl = 1. Now, with nearly constant Hubble parameter, i.e.,Ḣ ≡ − H 2 , although still with w = −1/3, by manipulating result (57) while using relation (52), we finally get an equation for the scalar field, namelÿ
This concise equation indicates the behavior of the scalar field with respect to time better than the roughly solution (59) during the inflation (note that, the value of exactly vanishes in solution (59) (59) and indicate that the scalar field linearly increases during the inflation. Our remaining task is to investigate the viability of the models during the inflation. A successful inflationary model must resolve the problems of standard cosmology. Hence, in order to solve the horizon problem, which is more important than the flatness and monopole problems (since by resolving this one, the other problems will be solved automatically), inflation should last for a sufficiently enough time in a way that its achieved number of e-folding being at least around 50 to 70. In this respect, the number of e-folding quantifies the amount of universe expansion during the inflation, and is defined [76] to be
where the subscripts "b" and "e" refer to the beginning and the end of inflation, respectively. By using result (57) with w = −1/3, one gets As the slow-roll condition is broken at the end of inflation, thus the value of φ e can be obtained via Eq. (67) while setting the slow-roll parameter to be ∼ 1. Also, for the value of φ b , we use relation [98] r ∼ 16
where the parameter r is the ratio of the tensor perturbation amplitude to the scalar perturbation amplitude with an upper bound r < 0.11 in 95% confidence level stated in the Planck measurements [18] - [20] . Then, by tuning the free parameters and also the initial values for the scalar field and its derivative, one can achieve an appropriate number of e-folding. Therefore, through the analogy of the noncommutative standard and chameleon models, it has been shown that the chameleon model can be a successful one during the inflationary epoch. Also, we conclude that one can consider a single scalar field being responsible for both roles of the inflaton and the chameleon.
Conclusions
In this work, we have indicated that there is a correspondence between the chameleon model (where the chameleon scalar field non-minimally couples with the matter field) and the noncommutative standard model (in which the inflaton scalar field minimally couples with gravity). On the other hand, in another work [94] , we have shown that a noncommutative inflationary model, in the presence of a particular type of dynamical deformation between the canonical momenta of the scale factor and of the scalar field, is a successful model during the inflation. Now, through the mentioned correspondence procedure of this work, we have indicated that there is a relevance between the noncommutative parameter and the chameleon coupling strength. Such a correspondence, in turn, presents that noncommutative effects act as a source term in the Klein-Gordon equation in a similar manner to the matter density in a chameleon theory, wherein the matter density of the environment in the chameleon model is related to influence of geometry in the noncommutative standard model. In fact, the results of the work, as a complementary to our previous work [52] , provide a possibility to take into account the noncommutative standard model instead of the chameleon model during the inflation. However, we should emphasize that the specific choice of the dynamical deformation (that has been assumed between the canonical momenta of the scale factor and of the scalar field) is very constructive to reach in such a relevance.
Moreover, this correspondence has represented that the type of the matter field in the chameleon model is constrained to be nearly a cosmic string-like during the inflation. The cosmic string, first introduced by Kibble in the 1970s, is a kind of hypothetical object associated to topological defects. It is claimed to be formed during the very early universe [99, 100] and has been predicted in some field theory models. Also, its formation in the context of string theory has attracted some attentions (see, e.g., Ref. [101] and references therein) and few efforts have recently been devoted to search for evidence of its existence.
Nevertheless, through the obtained correspondence, the noncommutative standard model provides a viable chameleonic inflationary model as we proposed in Ref. [52] . In fact, there exist two scenarios for the evolution of the universe. In the first one, it can be described by the noncommutative standard model where the influence of geometry drives the universe expansion, whereas in the second scenario, one considers the evolution of the universe via the chameleon model. In this regard, at the beginning of the inflation, when the energy density of the universe is extremely high, the chameleon field acquires a very large mass that makes the effect of its coupling suppressed. Thus, the matter density acts as the cosmological constant and starts the inflation. However, during the inflation, due to extreme expansion of the universe, the matter field being diluted and acts as a cosmic string-like. Therefore, at the beginning of the inflation, the cosmological constant drives the inflation and then, the scalar field plays the role of inflaton. Thus, the evolution of the universe being described by one single scalar field during the inflation that plays the role of inflaton in the very early universe and then, acts as a chameleon field. Furthermore, our proposed correspondence procedure has set some constraints on the noncommutative parameter and the chameleon coupling constant as well as nearly specifying functions of the scalar field and its potential. Through matching the models, we have also obtained a nearly negative constant value for the derivative of potential in the inflationary epoch that can be set to be as close to zero as required to be consistent with the chameleon model conditions.
By the way, the investigation of the chameleon model, when the universe reheats after inflation, can also be of much interest that we propose to study it in a subsequent work.
